Fabrication of semiconductor nanostructures by atomic force microscopy ͑AFM͒ is investigated. In our processing scheme, ultrathin photoresist layers are mechanically modified by an AFM tip with a subsequent pattern transfer by reactive ion or wet chemical etching. In combination with conventional optical lithography, this method allows the selective modification of micrometer scale patterns. Several parameters influence the size and shape of the nanostructures as well as the reliability of the process: the shape and the material of the tip, the thickness and hardness of the resist layer, the force applied to the tip, and the corrections of the scanner nonlinearities. Pattern transfer by reactive ion etching enforces a compromise between etch depth and resolution: Thinner resist layers allow the fabrication of smaller structures but inhibit a deep pattern transfer due to the limited resistance of the photoresist to sputtering. Application of our mask-based lithographic process for the fabrication of Si, SiGe, and GaAs nanostructures is demonstrated.
I. INTRODUCTION
Semiconductor nanostructures have attracted tremendous interest in the last few years due to the progressive shrinking of semiconductor microelectronic devices and the search for electronic devices based on quantum effects. As a consequence, many research efforts have been made for the development of techniques capable of producing nanoscale semiconductor structures below the resolution limit of conventional optical lithography. For this purpose many different approaches such as electron beam lithography, x-ray lithography, or ion-projection lithography have been pursued. In addition, a wide range of methods exploiting the subnanometer resolution of scanning probe microscopy ͑SPM͒ ͑atomic force and scanning tunneling microscopy͒ has been investigated. These methods are based on the local modification of surfaces or thin overlayers by oxidation, [1] [2] [3] depassivation, 4 exposure, [5] [6] [7] [8] force, 9-12 deposition, [13] [14] [15] or etching. 16 Because of the very short range nature of the tip-sample interaction, SPM sample modifications are usually restricted to the outermost layers of the surface, and in many cases the process has to be carried out under special environmental conditions. Although in principle, SPM techniques can produce structures down to the level of single adatoms, 17 practical applications of semiconductor nanostructures require the fabrication of structures with a sufficiently high aspect ratio. This is because the active region of electronic devices must be located several hundred angstrom below the surface to prevent a depletion of free carriers due to Fermi-level surface pinning and to reach high carrier mobilities by minimization of carrier scattering at potential fluctuations. For high mobility SiGe/Si or GaAs/GaAlAs heterostructures the two-dimensional ͑2D͒ electron gas layer is usually buried more than 100 nm below the surface.
In the present work we have developed a process scheme for nanofabrication of semiconductor structures that combines conventional optical lithography and mechanical modification ͑nanoindentation͒ of ultrathin photoresist layers with the sharp tip of an atomic force microscope ͑AFM͒. 18, 19 This two-step approach allows an efficient predefinition of large scale sample features and the production of nanometer-sized structures using just a single photoresist layer. Our scheme provides advantages over other SPM techniques since the nanoindentation process does not rely on a specific surface chemistry and can be carried out under ambient conditions. Furthermore, the mask-based lithographic approach can be applied to many different materials, as it is demonstrated for Si/SiGe and GaAs/GaAlAs heterostructure samples, and it allows a real 3D pattern transfer.
The key feature of the nanofabrication process is the use of very thin photoresist layers. This reduces proximity effects and allows to obtain smaller feature sizes. As shown in this work, the use of ultrathin photoresists requires substantial modifications of the conventional semiconductor processing steps. For the final pattern transfer, reactive ion etching ͑RIE͒ was mainly because of its directional etch behavior with negligible under etching. To increase the depth and aspect ratio of the final nanostructures, the RIE parameters must be modified to minimize the sputter etching of the resist and to achieve a high etch selectivity, as it is essential for the final pattern transfer. To establish a reliable and reproducible process for routine fabrication of nanostructures with a sufficient etch depth for the patterning of buried 2D electron gas samples, we have focused on resist layers of 10 nm in thickness. Although this somewhat limits the minimal achievable lateral, it yields a better reproducibility and stability of the fabrication process. We also focus on the influence of the mechanical parameters for the AFM resist modification, the influence of the scanner nonlinearities and the surface roughness on the regularity and resolution of the final structures and demonstrate the fabrication of grids of dots and of line structures in various material systems.
II. EXPERIMENT
The surface modification ͑nanoindentation͒ as well as the surface imaging was performed with an AutoProbe CP AFM from Park Scientific Instruments equipped with a 100 m piezo scanner. A video camera with an optical microscope is mounted on top of the AFM head with a field of view of 500ϫ700 m and a resolution of about 1 m. This allows an easy positioning of the AFM tip within the scan field. For imaging and patterning, the AFM was operated in the noncontact mode where the AFM cantilever is excited in a vibrating motion by applying an ac voltage to a piezo element beneath the cantilever chip with an excitation frequency in the range of 200-400 kHz. This minimizes the wear of the tip and prevents a sticking of the AFM tip to the photoresist after nanoindentation.
A special nanolithography software tool ͑Nanolithogra-phy Software Ver. Proscan 1.3͒ 20 was used for the definition and fabrication of the lithographic surface pattern. For this, first an AFM image of the surface is recorded and then a designed pattern usually consisting of holes or lines is pressed into a resist layer predeposited on the sample surface. In the patterning process, the AFM tip is moved to a predefined lateral surface position where the scanner is stepwise expanded in the z direction up to a predefined extension ⌬z with the feedback loop turned off. Alternatively, lines are drawn with a certain ⌬z extension. For the fabrication of large periodic dot arrays a Matlab-generated exposure routine was used for lithography.
The average force applied to the AFM tip, respectively, the resist during the indentation is determined by the cantilever force constant and the scanner extension ⌬z, where the latter is defined relative to the local surface height of the AFM image taken prior to the actual patterning process. In this way, the actual surface topology of the sample is taken into account. Between the different structures, the tip is retracted from the sample surface and moved with a speed in the range of 3-10 m/s to the subsequent positions. To facilitate repositioning of the AFM tip over certain sample areas, a large-scale test pattern was produced in the resist by conventional optical lithography prior to the AFM lithography process. An important feature of our instrument is the closed-loop real time correction of the nonlinearities of the piezo scanner. This so-called ''Scan Master'' 20 is based on the external measurement of the actual piezo position by optical sensors. As shown in subsequent sections, this nonlinearity correction is particularly important for the correct reproduction of the predefined surface patterns.
The resist layers were produced by spin coating of the positive photoresist Shipley S1805 on the samples with 5500 rpm for 30 s. The thickness of the resist is adjusted by diluting the resist with Shipley EC-Solvent. Optical lithography was performed with a Süss mask aligner, and the exposed resist patterns were developed using the developers Shipley MF319 or Microposit Developer. For the pattern transfer to Si and SiGe samples, an Oxford Instruments reactive ion etcher with a reactive gas mixture of SF 6 /CH 4 was used. Wet chemical etching with sulfuric acid and hydrogen peroxide was used for GaAs samples.
As a modification tool several types of silicon and carbon AFM tips were used. The Si tips were either ͑1͒ plasmasharpened ultralevers 20 with a spring constant of 1.6 N/m for contact ultralevers and of 13 N/m for noncontact ultralevers, or ͑2͒ focused ion beam ͑FIB͒ sharpened silicon tips 20 with a spring constant of 17 N/m, both with a nominal tip radius of 10 nm. The carbon tips were electron beam deposited ͑EBD͒ tips from NanoTools with a tip diameter of the order of 10 nm and a spring constant in the range of 10-30 N/m. The EBD tips are produced by electron beam induced deposition of very hard amorphous carbon on standard silicon tips with a subsequent sharpening in an oxygen plasma. 19 The same tips were also used for AFM imaging of the surface structures after lithography. Therefore, it is emphasized that the appearance of the structures in the AFM images always represents a convolution of the real surface topology with the actual AFM tip shape function. This convolution mainly affects the measurement of the width of the lithographically produced surface patterns.
III. PROCESS CHARACTERISTICS
The overall process sequence used in our work consisted of the following processing steps:
͑1͒ A highly thinned photoresist is spin coated on the sample, forming a homogenous thin resist layer.
͑2͒ By optical lithography-exposure and development-a large scale resist pattern, for example, a device structure with a feature size of several micrometers, is defined.
͑3͒ A hard bake step is used to adjust the mechanical properties of the resist layer.
͑4͒ The optically defined large scale pattern is first imaged by AFM and then selectively modified by pressing a sharp AFM tip into the resist layer. This creates holes in the resist with a diameter of a few tens of nanometers, while the displaced resist is left as a bulge around the hole. Any pattern consisting of single holes, for example, periodic arrays, as well as continuous lines can be created that way.
͑5͒ By an etching step the pattern is transferred to Si or SiGe samples by reactive ion etching, or alternatively to GaAs/GaAlAs by wet chemical etching.
͑6͒ Finally, the residual photoresist is removed by oxygen plasma ashing.
In the following, the critical process parameters, their optimization, and their influence on the final sample structures is investigated.
A. Processing of ultrathin photoresist layers
In conventional optical lithography, the thickness of photoresist is usually in the range of 0.4-1.5 m. Therefore, the use of ultrathin photoresists for AFM nanolithography requires a modification of the usual resist processing steps. To obtain very thin photoresist layers the resist has to be highly diluted before the spin-on process. This was done by using the Shipley EC-Solvent, which was added to the photoresist Shipley S1805 in various concentrations. After spin coating with 5500 rpm for 30 s, soft baking at 90°C for 30 min, and prepatterning by optical lithography, the resist thickness d was determined by measuring AFM surface profiles across the step edges of the resist pattern. The result is plotted in Fig. 1 as a function of the resist dilution ͑ratio of solvent to resist͒. As the dilution increases, the resist thickness decreases from 400 nm for the undiluted resist down to 15 nm for a dilution of 1:15. As checked by AFM, all resist layers were homogenous and pin hole free.
After optical lithography and development, the resist pattern was subjected to an additional hard bake step at 130°C for 30 min to increase the mechanical hardness and thus avoid a reflow and refilling of the holes produced by the subsequent tip indentation. As shown in Fig. 1 , this hard bake step causes a shrinking of the resist an effect, which increases the more the photoresist is diluted. The highly diluted photoresist ͑1:15͒ shrinks for nearly 30%, which leads to the desired final layer thickness of 10 nm. It has to be noted that a hard baking of the resist at higher temperatures eventually leads to an excessive hardening such that the indentation becomes very difficult, requiring the application of very large indentation forces that would lead to a rapid degradation of the AFM tips.
Another important aspect for optical lithography with ultrathin photoresists is the not negligible solubility of the unexposed parts of the photoresist in certain developers. In particular, the developer Shipley MF319 shows a surprisingly high solubility for the unexposed photoresist, which even increases with increasing resist dilution. For the unthinned resist, the solubility of the unexposed resist is about 0.4 nm/s and increases to 1.1 nm/s for the highly ͑1:15͒ thinned photoresist. As a consequence, the final thickness of very thin resist layers after optical lithography is very difficult to control. In fact, for the 15 nm thick resist layers, developing for more than about 15 s already leads to a complete removal of the whole photoresist from the sample. For the alternative Microposit Developer, diluted 1:1 with H 2 O, no notable solubility of the unexposed resist was found. Therefore, this developer was used throughout this work.
B. AFM nanoindentation
The most crucial parameter for nanoindentation is the force applied to the tip. This, together with the tip shape and the hardness of the resist determines the size and depth of the holes produced in the resist. The stronger, and therefore the deeper the tip is pressed into the resist layer, the larger the diameter of the hole becomes, and the more material is displaced from the hole and left around as a bulge. This is illustrated in Fig. 2͑b͒ , where three holes were produced in a thick resist layer with successively increasing indentation force. The bulge around the holes always exhibits an asymmetric shape. This is due to the tilt of the cantilever with respect to the sample surface, and due to the cantilever distortion during the rather high indentation forces. In some cases, the asymmetry is enhanced due to deviations from the ideal conical tip shape. From Fig. 2͑a͒ , it is evident that the minimal distance between two adjacent holes is limited by the sum s of the hole diameter and the width of the bulge. Holes that are less separated than s will no longer be clearly resolved. Therefore, s represents the smallest lateral feature spacing that can be produced by this technique.
To characterize the influence of the applied force in more detail, a series of indentation experiments was performed ͑see Fig. 3͒ in which 5ϫ5 hole grids with 200 nm spacing were produced into a 350 nm thick resist with varying indentation forces using a contact ultralever. The resulting diameter ͑᭹͒ ͓i.e., full width at half maximum ͑FWHM͒ of the hole profiles͔ and depth ͑͒ of the holes, as well as the width of the bulge ͑᭡͒ is plotted in Fig. 3͑c͒ as a function of the indentation scanner extension ⌬z. The width w of the bulge was measured across the broadest part of the bulge, as indicated in Fig. 2͑a͒ . As shown in Fig. 3͑c͒ , for small scanner extensions, a minimal hole diameter of only 7 nm is obtained, which is indicative for a rather sharp AFM tip. However, with increasing scanner extension the hole depth as well as the hole and bulge diameters increase linearly. Due to the rather small force constant of the contact ultralever, the depth of the holes is almost a factor of 50 smaller than the actual vertical scanner extension. In addition, a threshold of about 25 nm in this case is found for ⌬z below which no holes are formed. It is also noted that the width of the bulge is always about two times the diameter of the hole. This implies that the minimal achievable hole spacing should be two times the hole width. As shown in Sec. IV, this relationship is also of importance for the fabrication of continuous lines.
As for the use of the resist pattern as an etch mask, the AFM tip should fully penetrate the resist down to the sample surface, i.e., the depth of the holes should be equal to the resist thickness. The corresponding indentation force depends on the mechanical hardness of the photoresist, the resist thickness, and the geometry of the AFM tip, where the latter two parameters also determine the shape and diameter of the indentation holes. If the indentation force is too small and the resist layer is not penetrated entirely, only a limited pattern transfer is possible. On the other hand, too large forces cause an increase of the nanostructure width and an unnecessarily high wear of the tip.
The pronounced influence of the indentation force on the final hole shapes after pattern transfer to Si by RIE is illustrated in Fig. 4 . As etch mask, several 5ϫ5 hole grids were written into a 10 nm thick photoresist with different indentation extensions of ⌬zϭ70, 80, 90, and 100 nm using an EBD tip. As shown in Fig. 4͑e͒ , the smallest hole diameter ͑FWHM͒ in the Si sample is only 10 nm for a scanner extension of 70 nm, with an almost linear increase of the diameter to 50 nm as the indentation extension increases. In addition, the hole shape becomes slightly asymmetric. Similarly, the depth of the holes in Si after pattern transfer increases linearly with increasing indentation extension until the maximum etch depth of 23 nm is reached for ⌬z ϭ90 nm. Therefore, this is the extension required for a full penetration of the 10 nm photoresist layer, with a corresponding force of about 1 N. A further increase of the z extension only leads to a broadening of the holes ͓see Fig.  4͑e͔͒ , indicating that the applied force was too high.
C. Resist properties and AFM tips
For proper pattern transfer, the tip has to penetrate the resist layer down to the sample surface during nanoindentation. Since, as shown above, the hole depth limits the smallest achievable feature size, very thin resist layers with a thickness of only a few nanometers are required for the fabrication of structures with small lateral dimensions. Yet, for a reliable pattern transfer and for the achievement of structures with sufficient height and aspect ratio, the resist thickness should certainly be larger than some critical value. Thus, a compromise between minimal feature size and maximal pattern transfer has to be made. Since the main focus here was on the reliable pattern transfer of several tens of nanometers deep structures we applied resist layers with a thickness of 10 nm.
With respect to the resist properties, the optimal tip force for full penetration of the resist becomes smaller-which means a lower stress for the tip-the softer and thinner the resist layer is. The hardness of the resist can be adjusted by choosing an appropriate hard bake temperature. When the hard bake is omitted a reflow of the indentation features occur, whereas a good stability is found for a hard bake temperature of 130°C. Then, for contact ultralevers scanner extensions of around 100 nm ͑forces in the order of several hundred newtons͒ are required for the creation of holes with the depth of only a few nanometers ͓see Fig. 3͑c͔͒ scanner extension and indentation force is needed to produce holes with the same depth as before. Different types of AFM tips, namely silicon and carbon tips were tested. Although silicon tips ͑ultralevers and FIB tips͒ produce very narrow holes due to their very small tip radius, the monocrystalline Si tips tend to break after fabrication of several hundred holes, which is manifested by an abrupt increase of the hole size and change in their shape. A much better long term stability is found for EBD tips of amorphous carbon with excellent mechanical stability. As a result, many thousands of holes can be created without a remarkable tip degradation. Usually, failure occurs only when the carbon tip breaks off as a whole from the cantilever. The AFM-tip shape directly determines the shape of the holes in the resist. Ultralever, FIB, and EBD tips all have a circular cross section, thus leading to circular holes. Triangular holes are observed, e.g., when the EBD tips break off, due to the triangular cross section of the underlying Si tip.
D. Pattern transfer
After generation of the desired pattern in the resist layer by optical lithography and AFM, the pattern must be transferred to the underlying sample. This is done by reaction in etching because it usually does not lead to a significant sidewall under etching and thus allows a conformal pattern transfer. On the other hand, due to the impingement of high energy ions onto the sample during RIE, the resist is also attacked by physical sputtering. Thus, for ultrathin photoresist layers etch parameters are required that provide a very high selectivity, i.e., a high sample etch rate and a low resist sputtering rate.
For Si and SiGe, SF 6 /CH 4 gases were used for RIE. To determine the parameters with highest Si/resist etch selectivity, the etch parameters were varied over a wide range. Best selectivity was found for very low rf powers, thereby minimizing the resist sputter rate, as well as for higher discharge pressures and gas flow rates due to the increase of the Si and SiGe etch rates. For a pressure of 40 mTorr and a SF 6 gas flow of 50 sccm, the dependence of the etch rates on the rf power is shown in Fig. 5 . At the lowest rf power of 30 W where a stable plasma could still be maintained, the sputter rate for the hard baked undiluted photoresist is 12 nm/min, compared to an etch rate of 270 nm/min for Si. This yields an etch selectivity of about 22. However, for very thin resists with 10 nm thickness this resist sputter etch rate results in a removal of the resist in less than 50 s. This means that the time for the stabilization of the rf plasma is very short, degrading the reproducibility of the rf etch. For a reduction of the resist sputter rate, CH 4 was added to SF 6 . This tends to form a protecting polymer layer, but also reduces the Si and SiGe etch rate as well as the etch selectivity. Thus, a tradeoff between high selectivity and low resist etch rate has to be made. As a compromise, we used a rf power of 30 W, a gas pressure of 40 mTorr, and flow rates of 50 and 2.5 sccm for SF 6 and CH 4 , respectively, which yields an etch rate of 49 nm/min for Si and 6 nm/min for the resist. After etching, the remaining photoresist is stripped from the sample in the same RIE reactor using an oxygen plasma ͑90 W, 10 sccm O 2 , pressure of 60 mTorr͒.
It is also noted that, prior to the RIE etching, the sample was preexposed to a brief oxygen plasma cleaning step. This leads to a complete opening of the lithographically defined resist patterns by removal of resist residues from the bottom of the openings. As a result, a homogenous etch depth is obtained for all structures, which is important for applications. On the other hand, however, this precleaning plasma step also reduces the overall resist thickness. In fact, it turned out that about half of the 10 nm thick resist was removed by the precleaning step. Thus, with an etch selectivity of 1:8 and an effective resist thickness of 5 nm after the precleaning, the actual maximum etch depth was found to be only about 30 nm instead of the 80 nm expected for 10 nm resists. By omitting the oxygen plasma step, the etch depth can be increased by about a factor of two.
For the pattern transfer to GaAs/GaAlAs samples, wet chemical etching was used. We employed a diluted mixture of sulfuric acid ͑H 2 SO 4 95%-97%͒ and hydrogen peroxide (H 2 O 2 30%͒ in the proportion H 2 SO 4 :H 2 O 2 :H 2 Oϭ1:x:150, where the etch rate is adjusted by the content x of H 2 O 2 and the temperature. For xϭ1 and a temperature of 20°C, the GaAs etch rate is 31.6 nm/min. Prior to etching, again 1-2 nm of the photoresist were stripped in an oxygen plasma to open the bottom of the resist openings to ensure a uniform pattern transfer. Although the resist is not attacked by the etch solution, the nondirectional isotropic etch behavior with significant sidewall under etching is usually not so well suited for the transfer of very small features.
E. Nonlinearity corrections
Piezoelectric tube scanners of scanning probe microscopes generally exhibit a highly nonlinear response with respect to the driving signal ͑applied voltage to the piezo electrodes͒. This is due to the intrinsic nonlinearity of the piezoelectric materials, due to their hysteresis and creep upon changes in the applied voltage, as well as due to cross coupling between the x, y, and z piezo extensions. As a result, the actual AFM scanner position depends in a complicated manner on the applied scanner voltages. While for AFM imaging, where the tip always scans in a similar predefined way over the sample surface, a software correction FIG. 5 . RIE etch rate of Si ͑᭡͒ and sputter rate of unthinned photoresist ͑hard bake 130°C͒ ͑᭹͒ plotted in dependence of rf input power. Right hand ordinate: selectivity ͑͒ plotted as a function of rf power. Reactive ion etching was performed with a SF 6 gas flow of 50 sccm and a gas pressure of 40 mTorr.
can remove a large part of the nonlinearities, this is no longer the case for AFM lithography where a large number of points on the samples have to be addressable in an arbitrary way. Therefore, for the generation of well defined nanostructures, an efficient nonlinearity correction is essential. This can be achieved by a closed loop scan correction system as implemented with the ScanMaster 20 used in this work. The importance of these nonlinearity corrections is illustrated in Fig. 6 , which shows the resulting hole pattern of quadratic hole grids, generated with different methods of piezo control. In Fig. 6͑a͒ , a nominally quadratic 10ϫ10 hole grid with a 500 nm period was written into the resist without any nonlinearity corrections of the piezo scanner ͑ScanMaster off͒. After this, an AFM image of the resulting surface pattern was recorded with the ScanMaster turned on again. Obviously, not only the average period is smaller than the intended 500 nm, but also a drastic distortion of the pattern is observed. First, the holes in the first column are not vertically aligned but lie on a line inclined to the other columns. This is due to the fact that the writing process starts with the AFM tip positioned in the lower right corner of the image, as is indicated by the arrows that show the path of the AFM tip during the writing procedure. Second, the neighboring holes in subsequent columns are vertically displaced with respect to each other by about 200 nm ͑roughly half of the grid period͒, which is due to the alternating up/down writing direction for the columns.
With the ScanMaster nonlinearity correction turned on during pattern generation, a well defined grid of holes is obtained, as is illustrated in Fig. 6͑b͒ , showing a 20ϫ20 hole grid with 143 nm period already transferred to Si by RIE and fabricated by using the same writing sequence as in Fig. 6͑a͒ . Clearly, the hole columns are perfectly parallel to each other and the period is realized properly now. However, the relative hole positions of adjacent columns are still slightly shifted with respect to each other by an offset of about 10 nm due to the reversal of the writing direction for each column. When changing the writing sequence such that each hole column is written with the same up scan direction, this slight misalignment of the columns is removed, as demonstrated in Fig. 6͑c͒ . These results show that the nonlinearities within the x,y scan plane can be well compensated with an appropriate hardware correction. It is noted, however, that such a closed loop hardware correction always leads to an increase of the noise in the x,y scanner position. For example, in our instrument the noise amplitude induced by the ScanMaster is on the order of Ϯ10 nm, which leads to a slight broadening of the hole diameters produced by the nanoindentation process.
An effect of the scanner nonlinearities for the vertical z direction was also observed due to the z bowing of the AFM reference image that is recorded to define the reference surface prior to the pattern writing. As a result, for patterned areas larger than about 5 m in the x direction, the depth of holes located in the x-scan direction in the middle and at the borders of larger patterns can deviate quite strongly from each other, while the holes in the y-scan direction showed a uniform depth over the whole range tested ͑20ϫ20 m 2 ͒. An elimination of this scanner characteristic is possible by using the nonlinearity correction also for the z-piezo positioning, or alternatively, by using a force setpoint for nanoindentation instead of a fixed scanner extension ⌬z. However, these two options have not yet been implemented in our present lithography software. Therefore, patterns larger than 5 m in the x-scan direction were fabricated by patching together several 5 m wide writing fields next to each other. For this, a good overlay accuracy between the different patches was obtained. As shown in Fig. 7 , for the y-direction patterns as large as 17.5 m could be made in one patterning step.
IV. RESULTS AND APPLICATIONS
As already discussed above, both the minimal feature size as well as the minimal lateral separation of AFM created holes in a photoresist layer are essentially determined by the AFM tip shape and by the resist thickness. As shown in Fig.  3͑c͒ , for very small indentation depths, hole diameters as small as 7 nm can be achieved. For the thicker photorcsist of 10 nm, however, the hole diameter is usually on the order of 35 nm, as is shown in the AFM images depicted in Fig. 4 .
The minimal lateral feature separation is determined by proximity effects. When the tip is pressed into the bulge of FIG. 6 . Illustration of the pattern distortions caused by the nonlinearities of the AFM piezo scanner; ͑a͒ 10ϫ10 hole grid with a period of 500 nm written in a photoresist without correction of the scanner nonlinearities ͑ScanMaster off͒. The path of the AFM tip during the writing sequence is indicated by the arrows. ͑b͒ 20ϫ20 hole grid in Si, with a period of 143 nm fabricated with activated hardware nonlinearity correction ͑ScanMaster on͒ and with opposite writing direction for adjacent dot columns. ͑c͒ 20ϫ20 hole grid in Si, now with identical writing direction for all dot columns. the adjacent hole, the new hole does not penetrate the resist layer properly, which then leads to a more shallow hole depth after pattern transfer. This effect can be minimized if the tip is pressed into the smaller part of the asymmetric bulges. By a further decrease of the feature spacings, an overlap of the hole openings occurs, until a continuous feature is formed. Figure 8 shows a sequence of 10ϫ10 hole grids fabricated in Si with decreasing lateral periods of 143-85 nm. For the 10 nm resists and the sharpened EBD tips, the holes are well resolved for periods down to 100 nm, whereas for a period of 85 nm a slight superposition of the hole edges already occurs. This is also evident from the surface profiles shown in Fig. 8͑d͒ . These results indicate that a minimal lateral separation of roughly equal to two times the lateral feature size is required to resolve well separated structures.
On the other hand, by choosing very small hole separations, lines can be written into the photoresist. This is illustrated in Fig. 9 , which shows several chains of holes written with different hole separations. While for spacings of 150-100 nm the holes are well resolved, a continuous line is formed for periods below about 50 nm ͓see line profiles shown in Fig. 9͑b͔͒ . Two 2 m long lines fabricated in Si and written with a lateral hole separation of 50 and 30 nm are shown in Fig. 10 as examples. The homogeneity of the line width was characterized by AFM profiles measured across the line at different positions. Figure 10͑c͒ shows the FWHM of the line cross section as a function of position along the line. Clearly, the homogeneity of the line width is remarkably good with an average line width of d 1 ϭ29.4 Ϯ1.9 nm for the line written with 50 nm hole spacing and of d 2 ϭ32.2Ϯ1.6 nm for the line with 30 nm hole spacing. Another possibility for the generation of lines is by drawing ͑''plowing''͒ the line in one single step. 10 However, during such a process much higher lateral forces are exerted on the AFM tip, and therefore the fabrication of lines by adjoining single dots seems to be favorable to minimize the wearing of the tip.
AFM lithographic patterns can be written with different xy-scanner movement velocities up to 10 m/s. Even at maximal velocity we could not find any degradation such as increased feature sizes or pattern distortions. A major limiting factor for the writing speed is not only the xy-scanner velocity but also the tip-sample interaction time of about 75 ms required for the creation of each hole. Therefore, the fabrication of a grid of 400 dots with a period of 200 nm and a writing speed of 3 m/s takes about 80 s, of which 30 s are needed by the hole fabrication process alone.
Another issue is the ability of fabricating nanostructures on nonplanar corrugated sample surfaces, which can be due either to a prepatterning of the samples or due to corrugated epitaxial layers. The latter is the case, e.g., for SiGe/Si 2D electron gas structures in which thick SiGe buffer layers are predeposited on the Si substrate to modify the Si/SiGe conduction band offset and thus obtain an effective electron confinement in strained Si quantum wells. 21 In order to reduce the detrimental threading dislocation density, SiGe buffers with linearly graded Ge concentration are used. Due to strain relaxation during epitaxial growth the buffer surface develops a so called cross hatch surface pattern 22, 23 with surface corrugations of several tens of nanometers in amplitude and typical lateral periods in the order of 1 m. [24] [25] [26] The AFM surface image of such a graded buffer with a final Ge content of 25% and a total thickness of 3 m is shown in Fig. 11͑a͒ . On this surface a 25ϫ25 hole grid with 200 nm period covering a total area of 25 m 2 was fabricated, as is shown in Fig. 11͑b͒ . Although a nearly perfect quadratic hole pattern is produced, the depth of the holes varies from 10 to more than 20 nm, as illustrated in the AFM surface profile de- picted in Fig. 11͑c͒ . In particular, the holes at the depressions of the cross hatch pattern are more shallow compared to the holes on the elevated surface areas. This effect can be explained by the formation of a slightly thicker resist layer at the surface depressions.
Another example is the selective modification of a large scale pattern predefined by standard optical lithography. As shown in Fig. 12, a 20ϫ20 antidot array was fabricated on top of a 5 m wide Hall bar in a GaAs/AlGaAs heterostructure with a 2D electron gas 65 nm below the surface and an additional doping layer only 10 nm below the surface. By modifying the upper doping layer with an antidot array, a local depletion of the 2D electron gas below the holes occurs, which imposes a periodic potential modulation leading to pronounced conductance oscillations in varying external magnetic field. 27, 28 In this structure, the height of the hall bar is large compared to the depth of the holes, since it was produced in a separate optical lithography and wet chemical etching step.
V. CONCLUSION
In conclusion, we have demonstrated a process scheme for reliable fabrication of semiconductor nanostructures using atomic force microscopy combined with the prepatterning of larger scale structures by conventional optical lithography. The basic principle is the mechanical modification of ultrathin photoresist layers by the AFM tip and a subsequent pattern transfer by an etching step. Plasma sharpened carbon EBD tips were found to be suited best for mechanical modification due to their good mechanical stability. The indentation force applied to the tip is of crucial importance for the fabrication process and has to be adjusted to the thickness and the mechanical properties of the resist. Furthermore, an efficient correction of the scanner nonlinearities is essential, especially when complicated structures are made. The thickness of the resist layer is the most important parameter for the ultimate resolution to be reached since it determines decisively the minimal lateral feature separation. While shallow features with a diameter as small as 7 nm can be realized easily, because of the limited etch resistance of the resist, a deeper pattern transfer is possible only for thicker resist layers, which leads to increased feature sizes. Thus, for practical applications a compromise between resolution and depth of the nanostructures must be made. In this respect, significant improvements can be expected for multilayer resist structures, which can provide a higher etch resistance and improvements in pattern transfer.
